The purpose of this study was to electrophoretically examine proteins from mice of different ages to determine whether general changes occurred in protein levels during senescence· and to relate the data to specific ageing hypotheses involving proteins. Proteins from whole brain, brain regions, soluble and ribosomal brain fractions, from young adult and sene~cent mice, were totally solubilized and subjected to polyacrylamide slab gel electrophoresis. The resulting gel patterns were then compared by examining the intensity of gel bands of the same migration-distance. Positive controls were used to establish the high sensitivity of the electrophoretic method.
DNA (7] , RNA to DNA hybridization (7] , Fl histone/DNA ratios [37] , amounts of DNA per cell [10] , rates of RNA turnover [24] , rates of label incorporation into RNA [20] . ' The major difficulty in all of the foregoing experiments is the correlation of observed molecular changes with actual functional losses.
In short, many such changes can.be described as "molecular changes in search of ageing effects." For example, the relevance of an age-dependent change in repetitive DNA is obscure if that portion of DNA does not code for pro'teins or is never transcribed.
In this sense, the study of the protein gene product is more to the point, since ageing very likely involves functional changes which are enzyme dependent .. In each of the following hypotheses: somatic mutation [6] , programned ageing [1, 19, 21] . error catastrophe [29] . tran!:lational agein~ [2] ~ protein crosslinking (3] , and the more general, failures of regulatory • 0 0 u 0 4 3 0 J 7 9 7
-5-mechanisms in protein synthesis [18] , the postulated functional losses are ultimately determined by proteins.
There are many ways of comparing proteins from young and old animals.
Working with the total protein of a tissue, one can ask if age-dependent changes in the amount of protein per unit wet weight or per cell have occurred. Other comparisons, using the rate of uptake or loss of radioactive amino acids in total protein, could provide some insight into the protein synthesis/degradation aspect of gene expression. However, int~rpretations of radioactive label studies are often complicated by transport aspects of metabolism and by label reutilization [15] . However, total protein studies obviously lack the sensitivity to-detect large changes in individual proteins that are present in tissues at low concentrations. Comparisons of individual proteins in young and old tissue h9mogenates are often based on enzyme activities per unit protein or per uni~ DNA [40] . Yet, any age-dependent differences noted in a given enzyme activity, besides reflecting the level and quality of a given enzyme, also depends on the concentration of activators, inhibitors, coenzymes, substrates, products and ions in the tissue homogenates [40] , thus making changes quite difficult to interpret.
To reduce complexity, many investigators have undertaken fractionation studies of young and old tissue homogenates to compare component proteins in such fractions as nuclei, chromatin, mitochondria, and ribosomes. Subsequent interpretation of age dependent differences in component protein is simpfified at. least conceptually. Artifactual age dependent protein differences can easily be experimentally produced since equal extraction efficiencies and
proteolytic enzyme activities cannot be guaranteed when comparing young and old tissue. ·While age-related differences due to changes in extraction or proteolysis may in th~mselves be important, such changes could generate false age~related differences in extracted protein levels and lead to false interpretation. Our approach to the proteolytic, frationation and complexity problems was as follows. Greater sensitivity than former studies which compared total protein and greater breath than the specific enzyme studies can b·e· achieved by electrophoretic separation of the total complement of brain proteins into a hundred bands of different molecular weights and intensity levels. During brain homogenization enzyme inactivation and total protein solubilization was achieved, thus eliminating fractionation and proteolytic difficulties.
Although, to reduce complexity, ribosomal fractions were also examined, fractionation and proteolytic problems were re-introduced.
The rationale of the present investigation was, while minimizing proteolysis and achieving complete protein solubilization, to survey brain proteins from mice of different ages. High resolution gel electrophoresis was used to determine whether general changes occurred in brain protein levels during senescence. Specific protein levels are determined by their rates of synthesis and degradation [30] . Since protein degradation conti •• ues into senescence [25, 26] The following proteins were used as molecular weight standards: Since all samples were completely solubilized, all protein components are represented in the aliquot loaded onto the gels. Protein samples were then subjected to discontinuous SDS polyacrylamide gel electrophoresis [12] , in a thin slab [33] . reacting specifically with proteins. Proteins which migrate into the gel are representative of those loaded since there is no evidence for selective precipitation of specific proteins at gel origins (36] . Gel patterns resulting from the electrophoresis of equal amounts of young and old protein were compared visually on the basis of the intensity of bands of the same migratiu distance. Densitometer scans were not more sensitive than the eye. The densitometer merely quantifies an obvious visual difference in peak intensity.
Hhere bands are of uneven quality (ribosomal bands in fig. 6 ) vi:ual comparisons are still possible by selecting two bands in the young, taking the ratio of their intensities and comparing this ratio to the ratio derived from comparable bands in the old. Although SDS gels generally resolve proteins as a function of molecular weight, our intention was to compare only band intensities--not to look for age differences in gel band mobility. Gel densitometer scans were used to insure that the intensity of each band increased linearly with protein loaded onto the gel [36] . Further details of the gel system and operational procedures are available elsewhere [36] . In general, the SDS slab gels resolved between 80 and 100 bands in gels 28 em in length. Relative band mobility was generally a function of the protein molecular weight.
The sensitivity of the gel technique was shown by positive controls--cases in which protein differences were known to exist between the brains compared. In fig. 2 , qualitative and quantitative differences between adult rat and mouse whole brain proteins are shown. Four of the greatest differences are arrowed; many additional minor differences were obvious on the original gels. The differences were confirmed with one other rat-mouse pair in many other gel runs. Protein changes during growth and development have been well documented [35] . Rat brain proteins from two diff~~ent periods ,,.
of development are compared in fig. 2 . Arrows indicate the more obvious · protein level differences. These same differences were confirmed with another pair of rat brains in other gel runs. The developmental differences were roore prominent than the species differences. The next pair of positive cont.rols were brains from C57Bl/6J normal and quaking mutant mice. Quaking mutants have been shown to be deficient in fTIYelin proteins [16] . In agr~ement, our results show that three band intensities in fig. 2 were lower in the 0 0 QtiJOJSOO -11-mutant. these same differences were confirmed with another mutant-normal pair.
In all whole brain comparisons in fig. 2 , unequivocal band intensity differences were observed. Using the same gel procedure, comparisons of whole brain proteins from mice of different strains, sexes, and learning ability also showed positive differences [36] . ..
-12-rate depends solely on molecular weight (39] . Excluding the Hb band, there are no detectable age differences.
Pooled young (36 weeks) and old (131 weeks) cortex, pons-medulla, and cerebellum protein patterns are compared in fig. 4 . Lines indicate where the bands of the pons-medulla and the cerebellum have different relative intensities \'/hen compared to cortex bands of the same migration distance.
Cere bell urn appears to have major bands (2 1 i nes be 1 ow the 43K marker in fig. 4 ) which are unique. There are no detectable age differences. Simplification and a more complete survey would result if a select package of young and old protein product were isolated and compared.
Ribosomes which are crucial for protein synthesis have approximately 100
proteins [11] . Protein turnover is size dependent, larger proteins degrade more quickly [9, 15] . Ribosomal protein turnover continues into senescence [25] . Therefore, if gene function was lost with age, it \'IOuld be reasonable to expect: l) a decrease in the yield of isolated ribosomes, and 2) a greater proportional decrease in the band intensities of the larger proteins i.n the older ribosomal sample. However, the yield of ribosomal protein did not decrease with age, nor did the proportional band intensities change in the older ribosomal protein patterns.
Excluding the Hb bands in fig. 3 and the high molecular weight, non-ribosomal band in fig. 6 , there was no evidence for decreased concentrations of major protein bands in·older animals. General, steady state {constitutive) protein concentrations were main•ained even into senescence, in spite of continual degradation, thus providing evidence against the idea that ageing effects are the result of a major failure in gene function.
As mentioned previously, protein levels are determined by their rates of synthesis and degradation. Menzies and Gold [25] have observed that proteins of rat brain ribosomes had degradation half-lives of 7 days and 18 days for young and old respectively. Since both our yield and gel patterns of ribosomal proteins were constant with' age, and since the degradation half-life slowed to 18 days, the rate of brain ribosomal protein protein synthesis must also have been slower. One can conclude, therefore, that an age-re 1 a ted change occurred in gene expression whi eli 0 0 0 4 3 0 J 8 0 2 -15-was involved in brain ribosomal protein synthesis. A slowdown in protein synthesis could result in a loss of adaptability in a stress situation--leading to a higher mortality rate. Another viewpoint would be that slower protein synthesis was simply due to less demand or a / more efficient metabolism in the old, and that the capacity for youthful protein synthesis rates was still there. In light of this apparent decrease in ribosomal protein synthesis, it is interesting to note that the only reproducible difference between the young and old ribosomal protein bands is the·band nearest the origin {fig. 6). This band, which decreases in the old, has a molecular \veight in excess of 300K.
Very few protein subunits are greater than 300K (8] . Some RNA polymerases have subunit weights of 400K (8] .
If this band is interpreted to be an RNA polymerase involved in transcription, its decrease with age could provide a basis for a decrease in the rate of ribosomal protein synthesis discussed above. Caution should be included in this interpretation·since fractionation and proteolytic differences could have generated this band difference.
Ageing and Growth
Our studies sho\v that while protein pattern changes are quite dramatic during growth and develop~nt ( fig. 2) , no major changes occur in the adult--even in senescent mice. Our data, therefore, present strong evidence against the hypothesis that mammalian ageing results from a continuation of the progressive genetic program involved in growth.
Crosslinking and Ageing
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